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Introduction
Normal cortical development is influenced by both genetic and epigenetic factors resulting in a precisely coordinated expression of genes in differentiating neurons. It has been shown that chromatin remodeling can play a significant role in corticogenesis (Berube et al. 2005 , however, the full identity of molecules required for the developmental process is currently not known (Hsieh and Gage 2005) . During our search for DNAbinding proteins that are specifically expressed in the developing brain we found A + U--rich element-binding factor 1 (AUF1) ). Although we isolated AUF1 (also called hnRNPD; Dempsey et al. 1998 ) based on its ability to bind AT-rich double-stranded DNA (dsDNA), AUF1 was originally identified as an AU-rich element-binding protein (Zhang et al. 1993 Brewer 2002 Lu et al. 2006) . Alternative splicing of exon2 and exon7 of the AUF1 primary transcript results in 4 isoforms, p37 (A), p40 (B), p42 (C), and p45 (D) (Wagner et al. 1998; Wilson and Brewer 1999; Laroia and Schneider 2002 . AUF1 proteins are found both in the cytoplasm and also in the nucleus depending on the cell and tissue type (Blaxall et al. 2000 Sarkar et al. 2003 and they can perform various molecular regulatory functions. The p37 isoform has been shown to regulate messenger RNA (mRNA) stability (Sarkar et al. 2003) , we showed that it also binds AT-rich dsDNA with high specificity and acts as a transcriptional regulator . In addition, studies using various cell culture and in vitro models showed that the p40 isoform interacts with the TATA binding protein and regulates gene expression (Tolnay et al. 2000) . The p42 isoform binds singlestranded telomeric C-strand, interacts with telomerase and is involved in regulating telomeric length (Eversole and Maizels 2000; Enokizono et al. 2005 .
Our initial study showed high levels of AUF1 expression in the embryonic cortex, suggesting that AUF1 proteins may be involved in regulating corticogenesis . As a 1st step toward understanding the molecular function of AUF1 in the developmental process, we set out to determine the phenotype of AUF1+ cells in the embryonic rat brain. Because we found that the spatial and temporal pattern of AUF1 expression ) and histone deacetylase 1 (HDAC1) and metastasisassociated protein 2 (MTA2), members of the nucleosome remodeling and histone deacetylase (NuRD) chromatin remodeling complex , are remarkably similar in the developing rat brain, we designed experiments to determine if AUF1, HDAC1, and MTA2 are coexpressed and interact in developing cortical neurons. Lastly, we set out to determine the functional significance of the detected interactions by analyzing the effect of altered histone acetylation on the regulatory function of AUF1 using a primary embryonic cell culture model. Our results suggest that AUF1 is involved in coordinating gene expression of proliferating neural precursors/progenitors and postmitotic neurons of the cerebral cortex through recruiting chromatin remodeling molecules to AT-rich DNA elements.
Materials and Methods

Animals
Timed-pregnant Sprague--Dawley rats (Zivic Laboratories, Inc., Pittsburgh, PA) were used in these studies. All animals were treated in accordance with institutional and National Institutes of Health guidelines for the Care and Use of Laboratory Animals. Animal protocols were approved by the Institutional Animal Care and Use Committee at Uniformed Services University of the Health Sciences (USUHS).
Tissue Preparation
Following Ketamine/Xylazine anesthesia, rat embryos were obtained from timed pregnancies, and their brains were removed and fixed by immersion in 4% paraformaldehyde (PF). Fixed brains were cryoprotected by immersing them in cold 15% and 30% sucrose solution in phosphate buffered saline (PBS). Frozen brains were cut coronally in 20-lm sections with a cryostat (Cryocut 1800, Leica, Bannockburn, IL). Sections were mounted on Colorfrost plus slides (Fisher Scientific, Suwanee, GA) and kept at --80°C until use.
Flow Cytometric Analysis
Fluorescence-activated cell sorting (FACS) analysis was performed as described previously (Maric et al. 2003 . Briefly, telencephalic tissues from E13 and E19 rat embryos were dissociated into single cell suspensions and cells were immunophenotyped using cell surface markers, tetanus toxin fragment C and A2B5. The cells were then fixed in 4% PF and subsequently labeled using anti-proliferating cell nuclear antigen (PCNA) and anti-AUF1 antibodies. The cells were enumerated and their immunoreactions quantified using the FACSVantage SE flow cytometer and Cell Quest Acquisition and Analysis software (Becton Dickinson, Mountain View, CA), as previously described (Maric et al. 2003) .
Immunohistochemistry Immunohistochemistry was performed as described earlier ) using the following primary antibodies: AUF1 (1:500) (Lu and Schneider 2004) ; Phospho-Histone H3 (PH3) (1:100, Cell Signaling Technology, Danvers, MA); nestin (1:1000, Chemicon, Temecular, CA); TuJ1 (1:1000, Babco, Berkeley, CA); HDAC1 (1:50, Upstate, Charlottesville, VA); and MTA2 (1:200, Abcam, Cambridge, MA). For double immunohistochemistry, Zenon Rabbit IgG Labeling Kit was used according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). Primary antibodies were visualized with the following secondary antibodies: Alexa Fluor 555 goat anti-mouse IgG (1:5000) and Alexa Fluor 488 goat anti-rabbit IgG (1:5000) (both from Invitrogen). Nuclei were counterstained using Hoechst 33342 (Molecular Probes, 1 lg/mL applied for 2 min). Sections were analyzed in an Olympus IX71 microscope equipped with a Spot camera (Diagnostic Instruments, Sterling Heights, MI). In order to assess the extent of coexpression, images were captured using a Zeiss Pascal Laser Scanning Confocal Microscope. The parameters of image acquisition (including laser power, detector gain, offset, etc.) were preset to maximize signal and minimize background and were kept constant Gyorgy, unpublished data. We assessed the extent of AUF1 and MTA2 or AUF1 and HDAC1 coexpressions by counting red and green pixels of TIFF images using a Mathematica 5.2 script (Wolfram Research, Inc. software, Urbana, IL; script written by Dr J. Czege, Biomedical Instrumentation Center, USUHS). The script is freely available at http://bic.usuhs.mil/agoston/quantification.html. The script counts every pixel that has either a green and/or red value above the background threshold. The number of red, green and yellow (green + red) pixels, indicating coexpression, were counted and expressed as the ratio of pixels over the total numbers of colored pixels above the set threshold. Identical cortical regions of 4 independent double staining experiments were analyzed.
Western Blot
Embryonic and neonatal rat whole brains were microdissected under a stereomicroscope and tissues were snap-frozen in liquid nitrogen and stored at --80°C until used. The isolation of nuclear and soluble proteins, electrophoresis and transfer were described earlier Szemes et al. 2006) . Twenty micrograms of proteins were loaded and separated as described. Transferred proteins were probed with AUF1 antibody as described or commercial AUF1 antibody (Upstate Biotechnology, Waltham, MA) both diluted at 1:1000. Immunoreactive bands were visualized using the SuperSignal enhanced chemiluminescence detection system (Pierce, Rockford, IL) and quantified using a Fuji LAS-1000 CCD Camera and the Fuji Image Gauge software (Fuji Photo Film USA, Valhalla, NY).
Coimmunoprecipitation Assay
Nuclear and cytoplasmic proteins were prepared as described Szemes et al. 2006) . Proteins were dialyzed against buffer D (20% glycerol, 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH = 7.9), 100 mM KCl, 0.2 mM EDTA 0.5 mM dithiotreitol [DTT] , 0.5 mM AEBSF) for 2 h, changing the buffer after 50 min, at 4°C, in the 3500 MWCO Slyde-A-Lyzer Mini Dialysis Unit (Pierce, Rockford, IL). For preclearing, 50 lg of nuclear extracts were incubated with 50 lL of the Protein A Sepharose bead slurry in 400 lL total volume under constant, slow rotation for 1 h at 4°C, then sedimented by centrifugation for 10 min at 10 000 g, also at 4°C. The precleared nuclear extracts were then immunoprecipitated with 2 lg of anti-AUF1 antibody or with 2 lg of control antibody (EGFR, Santa Cruz Biotechnology, Inc., Santa Cruz, CA) for 2 h. Immunocomplexes were captured by adding 100 lL of the Protein A Sepharose bead slurry. After 1 additional hour of rotation at 4°C the bound fraction was separated by pulse centrifugation. The beads were washed 3 times with 1 mL of ice-cold washing buffer (13 PBS containing 0.1% Igepal). After the last wash, beads were resuspended in 23 loading buffer containing 0.1 M DTT and LDS (lithium dodecyl sulfate) sample buffer (Invitrogen, Carlsbad, CA) denatured at 80°C for 10 min, centrifuged at 10 000 g for 5 min at room temperature, and processed for Western analysis as described above.
DNA Affinity Preincubation Specificity Test of Recognition assay
The DNA affinity preincubation specificity test of recognition (DAPSTER) assay was performed as described earlier (Kumar and Bernstein 2001) and optimized for the developing brain . Nuclear proteins were precleared with a streptavidin agarose bead slurry (ImmunoPure Immobilized Streptavidin, Pierce) without DNA. One hundred and fifty micrograms of the precleared nuclear extracts were preincubated with Poly (2#-deoxyinosinic-2#-deoxycytidylic acid) 6 lg/mL for 10 min on ice followed by the addition of either 600 pmol of specific competitor ds rAT (5#rAT annealed with 3#rAT, for sequence information see Table 1 ) or 600 pmol of control competitor dsDNA (5# rAT Mut annealed with 3# rAT Mut ) or kinase buffer only. Biotinylated AT-rich DNA probes (5#Bio-rAT) were annealed and 150 pmol of the dsBio-rAT was coupled to streptavidin beads, then washed with buffer Z (25 mM HEPES pH 7.9, 20% glycerol, 0.1% Igepal, 0.1 M KCl, 12.5 mM MgCl 2 , 1 mM DTT, 0.1 lM ZnCl 2 ). Samples and beads containing the various immobilized DNA probes were mixed and incubated for an additional 2 h at 4°C. Bound fractions were then separated by pulse centrifugation and beads were washed 3 times with 1 mL of ice-cold buffer Z each. Beads were resuspended in 23 LDS loading buffer, proteins denatured by boiling and samples were analyzed by Western blot as described above.
Chromatin Immunoprecipitation
The assay was performed using the EZ-ChIP Kit from Upstate (Charlottesville, VA) according to the manufacturer's instructions, and optimized to neonatal rodent brain tissue. All buffers used were supplemented with protease inhibitors. Briefly, snap-frozen whole brain tissue pieces from P2 wild-type and AUF1 mutant mice were transferred into 5 mL of 13 PBS containing 1% formaldehyde and rotated for 15 min on room temperature. Cross-linking reactions were stopped by the addition of 500 lL of 103 Glycine Buffer, then washed twice with 13 PBS, and finally the cross-linked tissue was lysed with lysis buffer. Cells were disrupted by sonication on ice (6, 10-s long bursts at tune 4, setting no. 6, each run separated by 60-s cooling breaks). After centrifugation, supernatants were aliquoted, then diluted with Dilution Buffer. Next, the samples were precleared in the presence of DNA-and bovine serum albumin--blocked, protein A--coupled agarose beads for 60 min on 4°C. The precleared supernatants were then incubated overnight at 4°C with 5 lg of 1 of the following antibodies: AUF1 (Upstate), HDAC1 (Upstate), MTA2 (Abcam), SATB2 , or normal rabbit serum as a negative control. One aliquot was not immunoprecipitated and was later used as the input control sample. Then 60 lL of DNA-and bovine serum albumin--blocked, protein A--coupled agarose beads were added to each sample. The samples were then incubated under constant rotation overnight at 4°C. The precipitated samples were washed once GTT AAT TAT TAT TAT TAT TAT TAT TAT TAT TAT TAT TAT TAT TAT TAT  TAT TTT TGG TTC  5#rAT Mut  GAA CTG TTC TTA CTA TCG CCA TCA CCG TTA TTG CTC AAT TCG TAC TAG TTC  ATG AAG TCT TTG G  3#rAT http://cercor.oxfordjournals.org/ Downloaded from with 1 mL of low salt buffer, once with high salt buffer, once with the LiCl buffer, and twice with room temperature 13 Tris-EDTA buffer. After the final wash, the precipitated protein--DNA complexes were eluted by the addition of elution buffer containing 0.5% sodium dodecyl sulfate and 0.1 M NaHCO 3 , and after incubating for 30 min on room temperature, the supernatants were supplemented with NaCl to and end concentration of 0.3 M, and incubated overnight at 65°C to reverse the cross-linking. Proteins and RNA were removed by the addition of ProteinaseK and RnaseH. The precipitated genomic DNA was purified using the QiaQuick PCR purification kit (Qiagen, Valencia, CA). Three microliters of the purified DNA was used as a template in the 1st PCR; for the input sample, the DNA was diluted 100 times. For the rat samples, the rENK2700-703-LUC plasmid containing the rat AT-rich DNA element was used as a positive control. Here, the 1st PCR was carried out using 25 cycles, with primers specific to the rAT region: 5#tAT-O and 3#rAT-O (Table 2 ) After the 1st PCR, amplicons were diluted 100 fold and used as templates in the 2nd (nested) PCR reaction using 25 cycles with primers 5#rAT-N and 3#rAT-N. In the negative control, no DNA template was used, but an equal amount of PCR-grade water was instead added to the mix. The PCR products were separated on 2.5% agarose gel along with a 100-bp molecular weight ladder. Bands were visualized with ethidium bromide.
For the mouse samples, primers were designed to allow quantification of the products. Accordingly, all oligonucleotides were 24 mers, with a GC content of 50% (±4) and a Tm of 60°C (±2.0), keeping the product size between 250 and 700 bp (Strahl-Bolsinger et al. 1997 ). The 1st PCR was carried out using 25 cycles, with primers specific to the mouse AT region: 5#mAT-O and 3#mAT-O (Table 2) . After the 1st PCR, amplicons were diluted 10-fold and used as templates in the 2nd (nested) PCR using 25 cycles with primers 5#mAT-N and 3#mAT-N. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as used as a negative control gene, and was amplified with 5#GAPDH and 3#GAPDH primers from samples precipitated with SATB2, AUF1, MTA2 antibodies. The PCR products were separated on 1.5% agarose gel along with a 100-bp molecular weight ladder, and bands were visualized with SYBR-Green. The bands were visualized on a FUJI 3000 LAS intelligent dark box equipped with a CCD camera, and the band densities quantified using the ImageGouge software.
Cell Cultures and Transfection
Mouse embryonic fibroblast (MEF) cells were obtained from AUF1 mutant and wild-type animals (Lu et al. 2006 ). MEF-AUF1
-/-and MEF-AUF1 +/+ cells were cultured in DMEM in the presence of 2 mM l-glutamine and 10% heat-inactivated fetal calf serum. The AT-rich DNA element was inserted in the plasmid pTK-Renila (Promega, Madison, WI) resulting the reporter plasmid pTK-rAT-Ren in which the baseline activity of Renila luciferase is modified by AUF1 proteins Szemes et al. 2006 ). In the control reporter plasmid TK-rAT mutRen the AT-rich DNA element was mutated so the resulting sequence failed to bind AUF1 ). Cells were transfected using the PEI transfection system as previously described ) with 1.5 lg of the reporter plasmids (TK-rAT-Ren or TK-rAT mut -Ren) and 0. 
Results
AUF1 Expression is Developmentally Regulated in the Rat Brain
We determined the relative abundance of AUF1 proteins in tissue extracts prepared from E14, E15, E16, E18, P2, and P28 brains by Western blotting using pan-specific AUF1 antibodies that recognize all isoforms in an unbiased fashion (Lu and Schneider 2004) . Semiquantitative assessment of band intensities showed that the level of expression of AUF1 proteins did not substantially change from E14 to P2 (Fig. 1) . The commercial antibody also reacted with a~35-kDa protein marked with star (see Supplementary Fig. 1 ). During development, AUF1 protein levels steadily declined and after birth (P2) the abundance of AUF1 proteins was~30% of the E14 brain. Although AUF1 proteins can be detected in the P28 brain, their abundance was substantially lower than in the developing brain. Western analysis also showed that all AUF1 isoforms were expressed at all ages tested and that the ratio between the different isoforms was practically identical throughout development (E14 to P2). Of the various isoforms, p40/42 were the most abundant. Although the abundance of AUF1 proteins in the adult brain was very low as compared with the developing brain, it appears that the ratio between the isoforms in the adult brain was similar to that detected in the developing brain.
AUF1 is Expressed by Proliferating Precursors/ Progenitors and Postmitotic Differentiating Neurons in the Cerebral Cortex
The high level of AUF1 expression in the E14 brain suggested that AUF1 was expressed in proliferating progenitor cells that were the most abundant cell type at this developmental stage (Ohnuma and Harris 2003) . We 1st carried out quantitative FACS analysis using a previously established immunophenotyping paradigm (Maric et al. 2003) to test the proliferative status of AUF1+ cells. We isolated cells from E13 telencephalon at the beginning of cortical neurogenesis, when the majority of neural precursor cells were proliferating and from E19 cortex at the end of cortical neurogenesis, when most of the neuronal cells were postmitotic. At both developmental stages, we quantified the numbers of AUF1+, PCNA+, and double-positive cells. We found that at E13 approximately 70% of the total neural precursor population was positive for both PCNA and AUF1 indicating that the large majority of AUF1-expressing cells were proliferating ( Fig. 2A,C and Supplementary Fig. 2A,B) . In contrast, only~3% of the total neural precursor population was PCNA+/AUF1+ at E19. The majority (~60%) of these cells were PCNA-/AUF1+, indicating that AUF1 was widely expressed in the postmitotic/differentiating compartment of the cortical neuronal precursor cell population at this stage of cortical development (Fig. 2B,C) . We performed immunohistochemical analysis to identify the developmental phenotype of AUF1+ cells in the embryonic and early postnatal cortex. Consistent with our FACS data, during early brain development (E14) most of AUF1+ cells were located in the ventricular zone (VZ) and in the subventricular zone (SVZ), the site of proliferating precursors/progenitors (Fig. 3A) . Double immunohistochemistry using AUF1 antibody and an antibody raised against PH3, a marker of proliferating cells in the M phase of cell cycle (Brenner et al. 2003; Rayzman and Sentry 2006 showed that virtually all PH3+ cells in the VZ also expressed AUF1 (Fig. 3B,C) . Consistent with the data obtained from FACS analysis, our double immunohistochemistry using AUF1 and nestin antibodies (Kim et al. 2003) showed that at E14 the majority of AUF1+ cells expressed nestin (Fig. 3D--F) suggesting that during early brain development AUF1 was expressed by neural precursor/progenitor cells. In addition to the VZ and SVZ, we found AUF1+ cells located in the telencephalic wall (Fig. 3A,D) , suggesting that AUF1 was also expressed in differentiating cortical neurons. Indeed, at E18 AUF1+ cells were located almost exclusively in the differentiating region of the cortex, especially in the cortical plate (CP) and in the marginal zone (MZ) (Fig. 3G) . The majority of these AUF1+ cells also expressed TuJ1, a marker of postmitotic, differentiating neurons (Fig. 3H,I ). In the P2 brain, the number of AUF1+ cells was substantially decreased (Fig. 3J) . AUF1+ cells were present in all layers, however, layer I contained the fewest, whereas layer II (MZ) contained relatively higher numbers of immunoreactive cells. Practically all AUF1+ cells were also positive for MAP2 (Fig. 3K,L) , indicating that in the postnatal brain, AUF1-expressing cells were postmitotic differentiating neurons. In summary, our FACS and immunohistochemistry data suggest that AUF1 was expressed by proliferating neural precursors as well as by postmitotic, differentiating cortical neurons. We found that other brain regions were mostly devoid of AUF1+ cells with the exception of the pallidal SVZ, which contained some AUF1+ cells, as we also reported earlier .
AUF1 is Coexpressed and Interacts with HDAC1 and MTA2 in Developing Neurons of the Cerebral Cortex In Vitro and In Vivo Because the spatial and temporal patterns of expression of HDAC1 and MTA2 in the developing cortex (Gyorgy 2008; Gyorgy, unpublished data appeared to be very similar to the pattern of AUF1 expression shown above, we analyzed the pattern of coexpression by immunohistochemistry in E14, E18, and P2 brains. We found that in the developing cortex, AUF1 was coexpressed with both HDAC1 and MTA2 at all ages tested. In the E14 brain, semiquantitative assessment showed that 85% of AUF1+ cells expressed HDAC1 and~95% of them expressed MTA2 (Fig. 4B,C) . At E18~70% of AUF1+ cells in the CP and in the MZ coexpressed HDAC1 and~80% of AUF1+ cells expressed MTA2. The extent of coexpression in the P2 cortex was similar to that of observed in the E18 cortex and semiquantitative assessment of coexpression also indicated that~80% of AUF1+ cells expressed HDAC1 and also MTA2. Interestingly, differentiating cells in other major brain regions such as the thalamus that lack AUF1 expression were also negative for HDAC1 and MTA2. Higher power confocal microscopy confirmed the nuclear coexpression of all 3 proteins at all developmental ages investigated ( Supplementary  Fig. 3) .
As a 1st test toward understanding the potential functional significance of the coexpression of AUF1 with the selected chromatin remodeling molecules, we performed a coimmunoprecipitation assay using nuclear extracts prepared from E18 cortex. Following incubation with the AUF1 antibody, we analyzed the immunoprecipitated fractions for the presence of HDAC1 and MTA2 by Western blotting. The analysis showed that both HDAC1 and MTA2 interacted with AUF1 as indicated by the presence of~80-and~60-KDa bands (Fig. 5A) . We also detected an additional band at~78 KDa, which may be a proteolytic product of MTA2, because the antibody should not cross-react with MTA1 according to the manufacturer (Abcam). We did not detect either of the proteins when we replaced the AUF1 antibody with the control antibody suggesting that both HDAC1 and MTA2 specifically bind to AUF1 in vitro. In the reverse immunoprecipitation experiment, HDAC1 antibody also coprecipitated AUF1 as well as MTA2 ( Supplementary Fig. 4 ). We 1st identified and isolated AUF1 in the developing cortex based on its specific binding to AT-rich dsDNA elements . Because AUF1 was coexpressed with, and binds to HDAC1 and MTA2, we hypothesized that the molecular function of AUF1 includes recruiting HDAC1 and MTA2 to AT-rich DNA regions. To test this hypothesis, we performed a DAPSTER, a microscale DNA affinity purification assay enabling the identification of proteins that specifically bind to the test DNA sequences (Kumar and Bernstein 2001) . For the DAPSTER assay, we immobilized the same AT-rich dsDNA that we used to isolate AUF1 from the developing rodent cortex ) and performed the assay using nuclear extracts isolated from the P2 cortex that were preincubated with specific (rAT) or nonspecific (rAT MUT ) oligonucleotides. As a positive control, we also performed this DNA affinity purification without competing DNA. Western analysis of the bound and free fractions showed that in addition to AUF1, both HDAC1 and MTA2 were present in the DNA--protein complex when no competitor or the nonspecific competitor was present (Fig. 5B) . Because neither HDAC1 nor MTA2 possess DNA-binding domains (Zhang et al. 1999 Yao and Yang 2003) their presence in the AT-rich dsDNA-binding complex was likely mediated through AUF1. The formation of the AT-rich dsDNA--protein complex was specific because preincubation of nuclear extracts with excess AT-rich dsDNA (rAT) used as a specific competitor almost completely abolished the binding of all proteins. Preincubation of the nuclear extracts with the nonspecific/control competitor dsDNA (rAT MUT ) on the other hand did not significantly affect the formation of the complex.
We performed the chromatin immunoprecipitation (ChIP) assay to test whether the demonstrated in vitro interactions between AT-rich dsDNA and the 3 proteins also take place in vivo. For the ChIP assay, we used microdissected cortices from P2 rats because all 3 proteins were still expressed and the P2 cortex yielded sufficient cortical tissue required for the crosslinking studies ). Following PF cross-linking, we incubated the cortical samples with anti-AUF1, anti-HDAC1, anti-MTA2 antibodies, or a negative control antibody. Following multiple washing steps, we isolated DNA from immunoprecipitated samples and used it as a template in PCR along with primers that flank the AT-rich dsDNA element . Our results showed that the AT-rich DNA region could be amplified from the samples precipitated with AUF1, HDAC1 as well as MTA2 antibodies but not with the control antibody (Fig. 5C ). These results demonstrated that AUF1, HDAC1, and MTA2 were all associated with the AT-rich DNA element in vivo and implicating AUF1 in recruiting both HDAC1 and MTA2 to AT-rich DNA regions.
Altering Histone Acetylation Modulates the Effect of AUF1 on Gene Expression
As a 1st step toward identifying the potential role of the detected interactions between AT-rich dsDNA, AUF1, HDAC1, and MTA2 in regulating gene expression, we used MEF-AUF1 -/-and MEF-AUF1 +/+ cells for our transient transfection analysis.
We selected these cells for our initial studies because the cultures were composed of identical population of embryonic primary cells that differ only in the presence of AUF1, they can be transfected with high efficiency and they endogenously express HDAC1 and MTA2. The presence of AUF1 decreased reporter gene expression by approximately 50% and TSA treatment of these cells caused a substantial increase in reporter gene activity (Fig. 6) . Importantly, mutant cells lacking AUF1 (MEF-AUF1 -/-) showed no response to TSA treatment. TSA treatment had no effect on reporter gene activities when MEF-AUF1 +/+ and MEF-AUF1 -/-cell cultures were transfected with the control reporter plasmid TK-rAT mut --Ren. These results suggested that the molecular function of AUF1 depends on its specific binding to the AT-rich DNA site and involves directing the effect of histone acetylation or deacetylation to these AT-rich DNA elements.
Absence of AUF1 Alters the Composition of the NuRD Complex
To understand the molecular mechanism of AUF1 function in vivo, we analyzed the effect of lack of AUF1 on the composition of the NURD complex in the developing brain. Using semiquantitative ChIP assay, we compared the relative amounts of HDAC1 and MTA2 associated with the AT-rich DNA in the Figure 5 . In vitro and in vivo interactions of AUF1 with HDAC1, MTA2, and AT-rich DNA. Nuclear extracts (NE) were prepared from the E18 rat cortex and immunoprecipitated with either AUF1 or control antibody. Following immunoprecipitation, bound (B) and free (F) fractions were analyzed by Western blots using specific antibodies. The identities of AUF1-, MTA2-, and HDAC1-immunoreactive bands are marked on the left. Molecular weight (MW) is shown in kDa on the right side. Star indicates a nonspecific band (A). The DAPSTER assay was performed using nuclear extracts prepared from the E18 rat cortex. DNA affinity assay was either carried out in the absence of competitors (-), or in the presence of the specific competitor rAT or control rAT MUT dsDNA. The presence of the AUF1, HDAC1 and MTA2 in the DNA--protein complex was determined by Western blot using specific antibodies. The identities of AUF1-, MTA2-and HDAC1-immunoreactive bands are marked on the left (B). A~150-bp DNA fragment containing the rAT DNA region was amplified from samples that were immunoprecipitated with AUF1, HDAC1 or MTA2 antibodies and PCR amplicons were separated on agarose gels. No DNA was amplified from samples that were immunoprecipitated using the preimmune serum to AUF1 or a control antibody (EGFR). The ChIP assay was performed on postnatal (P2) rat cortical tissue. Precipitated DNA fragments were amplified by PCR, then the product of the nested (2nd) PCR was subjected to agarose gel electrophoresis and DNA fragments were visualized by ethydium bromide staining under UV light. Input sample indicates the nonimmunoprecipitated positive control; plasmid DNA containing the rAT region used as template for PCR amplification was used as another positive control (þ). For the negative control (-) we used the EGFR-precipitated sample (C).
neonatal brains of AUF1 null mutant and wild-type animals. The primers were designed and the conditions of the PCR were adjusted enabling semiquantitative analysis (Strahl-Bolsinger et al. 1997) .
We have found that in the absence of AUF1, the relative proportion of HDAC1 increased about 2-fold (Fig. 7) . This increase was specific to the AT-rich DNA region because there was no difference between the wild-type and mutant animals when the GAPDH control region was amplified from samples precipitated with any of the antibodies used. Interestingly, the relative amount of MTA2 in the complex did not change significantly in the AUF1 mutant brain.
Discussion
The goal of our present study was to gain an understanding about the role of AUF1 in the developing cortex. Based on our data presented above we propose that AUF1 proteins are involved in coordinating gene expression in proliferating neuronal precursors/progenitors and differentiating cortical neurons by recruiting chromatin remodeling molecules to ATrich DNA elements. This is important because studies have shown that chromatin remodeling can play important roles at various stages of corticogenesis by coordinating the expression of multiple genes (Berube et al. 2005) . At the molecular level, they provide permissive or restrictive chromatin environment for classical transcription factors during cellular differentiation, however, the identity of proteins directing their effect to specific genomic loci is little known (Hsieh and Gage 2005) . AUF1 was recently also found to regulate DNA methyltransferase 1, an important determinant of genome-wide DNA methylation (Torrisani et al. 2007.) We found that all AUF1 isoforms were expressed in the developing cortex and the ratio between the various isoforms did not change significantly between E14 and P2. AUF1 proteins were highly expressed in the E14 brain by proliferating cells. In addition to neural precursor/progenitor cells that were dividing by asymmetrical cell divisions (Ohnuma and Harris 2003) , AUF1 may also be expressed in self-renewing neural stem cells that undergo limited cycles of symmetrical cell divisions. In the E14 brain, AUF1+ cells in the VZ express PH3, indicating that AUF1 was expressed during in the M phase of cell cycle. During M phase, inherited determinants of cell fate are localized to only 1 pole of the mother cell undergoing asymmetric cell division, thus only 1 of the daughter cells will inherit such a determinant (Bally-Cuif and Hammerschmidt 2003; Ohnuma and Harris 2003) . Whether AUF1 falls into this category, that is, it is inherited by only 1 daughter cell, needs to be addressed in future experiments. Our preliminary BrdU labeling studies indicated that AUF1 was also expressed in BrdU-positive cells (see Supplementary Fig. 5 ). Because chromatin remodeling during S phase is thought to play a major role in regulating cellular differentiation (Ohnuma and Harris 2003) and because differentiating neurons change their fate according to their environments if they were in S (or G1) phase (McConnell 1988) , AUF1 could be involved in regulating neuronal differentiation through altering the access of transcription factors to their DNA-binding sites.
Our . AUF1 proteins interact with both the mAT ENK region and the NuRD complex and control chromatin remodeling. Semiquantitative ChIP assay was performed using whole brain tissue from P2 wild-type (WT) or AUF1 knockout (KO) mouse brains. A 274-bp DNA fragment containing the AT-rich regulatory region of the mouse ENK gene, or a negative control region was amplified from samples that were immunoprecipitated with anti-AUF1, anti-HDAC1, anti-SATB2 , or anti-MTA2 antibodies, or normal rabbit serum as a negative control (not shown). As a negative control for AUF1-binding, we used a region in the GAPDH gene (control shown). After amplification by PCR, the product was subjected to agarose gel electrophoresis and DNA fragments were visualized by SYBR Safe staining (A). Images were collected using the Fuji 3000 LAS intelligent dark box equipped with a CCD camera, and band densities were quantified with the Image Gauge software. Raw values were normalized to the input and background, and then the fold change difference between KO to WT was calculated. Star 5 P # 0.05; N 5 4. The average values from 3 independent experiments are shown with error bars indicating ± SD (B).
mechanisms including histone deacetylation. Both HDAC1 and MTA2 are members of the complex and blocking histone deacetylase activity by TSA or valproic acid resulted in promoting a neuronal fate at the expense of a glial 1 (Hsieh et al. 2004; Shen et al. 2005. Our immunohistochemical studies have shown that AUF1 remains expressed in postmitotic differentiating cortical neurons and that AUF1 was also coexpressed in these cells with HDAC1 and MTA2. These findings implicate AUF1 in regulating gene expression at different stages of neuronal lineage progression through chromatin remodeling (RecillasTarga and Razin 2001). Accumulation of acetylated histone molecules prevents chromatin condensation and the resulting open chromatin structure permits the binding of sequencespecific transcription factors to their cis-regulatory DNA elements, thus resulting in increased transcription of target genes (Alvarez et al. 2000 . Conversely, histone deacetylation mediated by HDACs results in a closed chromatin structure, thus preventing the binding of transcription factors to their DNA elements (Mal et al. 2001 . In this study, we focused on the NuRD complex because it has been shown that the complex plays an important regulatory role in the differentiation of multiple cell types including neural cells (Feng and Zhang 2003) . The complex regulates chromatin structure through multiple mechanisms that include histone deacetylation and nucleosome remodeling (Yao and Yang 2003) . The complex is approximately 2 MDa in size, comprising at least 7 polypeptides that include HDAC1 and MTA2. HDAC1-along with HDA-C2-is also part of the Sin3a chromatin remodeling complex (Zhang et al. 1999 ). Because MTA2 is not a part of the Sin3a complex (Ahringer 2000), the coexpression of HDAC1 and MTA2 in AUF1+ cortical neurons suggests that the chromatin remodeling complex is NuRD rather than Sin3a. Because hypoacetylated histone amino-termini are generally correlated with transcriptional repression (Yao and Yang 2003) , recruiting the NuRD complex to AT-rich DNA by AUF1 should result in repressor activity. Indeed, using a model system we have shown that AUF1 is important in directing the effect of altered histone deacetylation, that is, closed chromatin structure to ATrich dsDNA resulting in decreased reporter gene activity.
AT-rich DNA elements appear frequently in the genome (Woynarowski 2004) . AT-rich sequences can form 3-dimensional binding sites for nuclear proteins that recognize 3-dimensional structure rather than a short nucleotide sequence (Strick and Laemmli 1995; Laemmli and Tjian 1996; Strick et al. 2000 . AUF1 thus joins the family of AT-rich DNA-binding proteins that include nucleolin (Dickinson and Kohwi 1995) , histone H1 (Pauli et al. 1989) , HMGI/Y (Reeves 2000) , SATB1 (Dickinson et al. 1992 ) and SATB2 (Britanova et al. 2005; Szemes et al. 2006) . SATB1 is especially interesting because it interacts with and recruits members of the NuRD (and also chromatin accessibility complex and ATP-dependent chromatin assembly and remodelling factor (ACF) chromatin remodeling complexes to AT-rich DNA sites and regulates nucleosome positioning over several kilobases (Yasui et al. 2002) . Previous studies showed that these AT-rich DNA-binding proteins, AUF1, SATB1, and SATB2, are expressed in a nonoverlapping fashion during cortical development and they interact with both the nuclear matrix and with chromatin remodeling complexes (Britanova et al. 2005; Dobi et al. 2006; Szemes et al. 2006 ). These observations raise the intriguing possibility that there may be a development-specific modification of the chromatin structure in differentiating cortical neurons influenced by both genetic and epigenetic factors. This is important because despite the great progress made in identifying transcription factors and signaling molecules involved in regulating corticogenesis (Rakic 2006) , we still lack a good understanding about the identity of molecules that integrate environmental signals and genetic programs believed to play a key role in coordinating gene expression (Jaenisch and Bird 2003) . The surprising change in the relative abundance of HDAC1 in the NURD complex of AUF1 mutant animals suggests that altered abundance of the key members of the complex may alter the expression levels of downstream genes. Our preliminary microarray data analyzing the transciptome of AUF1 mutant brains indeed showed that the expression levels of genes associated with cell-adhesion and migration are altered in the mutant animals (data not shown). These molecular abnormalities may contribute to the apparent callosal dysgenesis of AUF1 mutant animals (see Supplementary  Fig. 6.) .
Understanding how AUF1 fits into the regulatory network of molecules that control gene expression during cortical development is currently not known. The majority of the identified transcription regulators of cortical development are classical short DNA sequence-specific binding proteins (Sommer et al. 1996 Kageyama et al. 1997 Guillemot 2005) . Mutations of these genes result in specific developmental deficits. For example, in the absence of Dlx1/Dlx2, the ''master'' regulators of telencephalic development, the regionalization of the telencephalon is abnormal and there is a deficit in a subset of cortical interneurons (Cobos et al. 2005 . Whether AUF1 acts up or downstream from Dlx and other classical regulators of cortical development is currently unknown. Because knockout animals, including Dlx1/2 double mutants are available (Cobos et al. 2005) , experiments can be designed to address this important issue. Additional studies will be also needed to identify which one(s) of the multiple molecular regulatory functions of AUF1, regulating mRNA stability (Brewer 2002) , gene transcription ) and chromatin remodeling (this paper) is/are required during corticogenesis.
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